A sensitive method based on the principle of photothermal lensing technique to realize optical logic gates is presented. A dual beam thermal lens method using low power cw lasers can be very effectively used as an alternate technique to perform the logical function such as XOR and NAND.
INTRODUCTION
Logic operations are nonlinear and hence obviously nonlinear optics play a vital role in the realization of a digital optical computer. Availability of coherent optical sources along with the realization of various nonlinear optical phenomena has made it possible to implement optics based computing and memory elements. It is now possible to control a light beam with another using nonlinear optical effect. This has helped in developing various types of optical logic gates based on optical phase conjugation'4 optical bistability5'6 ,optical interference7 etc. One ofthe consequences of the nonlinear effect which can be used to implement optical logic gates is the intensity dependent refractive index; n = n0 = n11 where I is the intensity of optical beam and n0 is the refractive index of the medium at low intensity limit. The sign of n1 will be negative (thermal effect) or positive (Optical Kerr effect).
A well-known photothermal spectroscopic phenomenon, thermal lens effect (TL), can be used to implement optical logic gates. Photothermal spectroscopy is a group ofhigh sensitivity methods used to measure optical absorption and thermal characteristics of a sample. Measurements of the temperature, pressure, or density changes that occur due to optical absorption are the basis for the photothermal spectroscopic methods. Scattering and reflection losses do not produce photothermal signals. Subsequently, photothermal spectroscopy more accurately measures optical absorption in scattering solutions, in solids, and at interfaces. This aspect makes it particularly attractive for application to surface and solid absorption studies, and studies in scattering media. The high sensitivity of the photothermal spectroscopy methods has led to applications for analysis of low absorbance samples. The magnitude of the photothermal spectroscopy signal depends on the specific method used to detect the photothermal effect and on the type of sample being analyzed. Optical absorbance of less than 108 can be detected with optimized experimental designs. The high absorbance sensitivity of these methods has opened up new areas of optical computing.
Photothermal spectroscopy is usually performed using laser light sources. The spatial coherence properties of laser sources allow the light to be focused to small, diffraction limited, volumes. There are a variety ofmethods used to monitor the thermal state of the analytical sample. Direct calorimetric or thermometric methods use temperature transducers to measure analytical sample temperature. Pressure transducers are used to monitor the pressure wave associated with rapid sample heating. Each of these methods such as photothermal interferometry, photothermal deflection spectroscopy, photothermal lensing spectroscopy, photothermal refraction spectroscopy is based on measurement of temperature change associated with increasing the energy of the analytical sample.
Spatial dependent refractive index profiles can result in focusing or defocusing of light. The intensity dependence of refractive index through thermal origin introduces the phenomenon of TL effect [8] [9] [10] When a medium is illuminated with a gaussian laser beam, some of the energy is absorbed by the molecules in the ground state and are excited to higher energy states. Following the absorption of the photon the excess energy attained by the molecule can be dissipated in many ways. The non-radiative decay process causes the heating of the sample, which creates a refractive index gradient in the medium and the resulting refractive index profile is as shown in figure 1 , which produces thermal lens. The lens usually has a negative focal length since most materials expand upon heating and the refractive index is proportional to the density. This negative lens causes beam divergence and the signal is detected as a time dependent decrease in power at the center of the beam.
Above a threshold laser intensity, refractive index gradient in the medium becomes so large that the probe beam gets diverged to form a bottle-beam like shape with central dark region surrounded by bright region. Such modification of the probe beam shape due to thermal lens effect can be used to implement optical logic gates. Changes in the optical intensity at the center of the probe beam at far field due to thermal lens effect can be used as the thermal lens signal figure 2.
Single beam TL spectrometers are unique among the TL instruments because the same laser is used to excite the sample and simultaneously probe the TL rm1 . In this instrument, the laser beam is focused with a lens and modulated with a chopper or shutter. After passing through the sample, the bean centre intensity is usually measured in the far field with a photodiode placed behind a pinhole. The photodiode output is amplified and fed to storage oscilloscope which gives the transient change in the beam centre intensity. In dual beam TL method'2'4, the generation and detection of the TL is achieved separately by a modulated pump beam and nonmodulated probe beam respectively. A high power cw or pulsed laser is usually served as the source of the pump beam, while the probe is derived from relatively weaker cw laser. By using separate lenses to focus the excitation beam directly on to the sample and to mismatch the beam waists of the pump and probe beam, the highest TL signal strength can be achieved. Good spatial overlapping of both beams inside the sample is necessary for optimal sensitivity. The generated TL produces fluctuations in the intensity of the probe beam that can be monitored by signal averaging devices such as lock-in amplifier and boxcars, provided that the excitation beam is filtered out before reaching the detector. When the pump beam is to be tuned over a wavelength range, the use of separate lasers to pump and to probe the TL will be more advantageous, since only a single probe wavelength is always detected and therefore the detection optics and detectors need to be optimized only for a single probe wavelength.
MATERIALS
Organic dye-polymer composites have been considered as candidates for new electro-optic materials, logic gates, photodetectors and solar concentrations'5"6. One of the important reasons for the wide spread use of man-made polymers is that it can be processed easily into any desired shape or form. A noteworthy advantage of polymers is that modifying their chemical structure or processing can control their properties. Optical medium used for our present study is chemically stabilized Rhodamine 6G doped poly methyl methacrylate (PMMA) (concentration 1 xl O mol/l) because of its best optical transparency and resistance to laser damage.
Methyl methacrylate (Merck) was washed three times with 2 vol % aqueous sodium hydroxide to remove the inhibitor and then twice with distilled water. Rh 6G was dissolved in a mixture of MMA and ethanol taken in the ratio 4: 1 . Ethanol was chosen as an additive to MMA because it is a good solvent for Rh 6G and when introduced in to PMMA increases optical resistance . Then 1.5 gmll ofbenzoyl peroxide, a free-radical initiator, was added. The mixture was taken in quartz bottles and was kept in a constant temperature bath maintained at 50c. After about 48 hours completely polymerized samples were taken out and kept for one week for curing. Then the samples were cut into pieces and were polished to minimize the losses due to scattering.
METHODOLOGY
The experimental setup of dual beam thermal lens method for realizing NAND gates is shown in figure 3 . Laser radiation at 532 nm wavelength from a Diode Pumped Nd: YVO4 laser (Uniphase BWT-50) is split in to two beams Ii and 12 (3 mw each). These pump beams are later on spatially overlapped in the medium to generate thermal lens effect. A low power (1 mw) intensity stabilized He-Ne laser source of wavelength 632.8 nm is used as the probe beam. Sample in the form ofdisc (thickness 3 mm and 1 cm diameter) is kept in the pump beam path. The probe beam is made to pass collinearly through the sample using a dichroic mirror. A filter is placed in the path of the emergent beams, which allow only the 632.8 nm wavelengths to reach the photodiode.
RESULTS
A very simple nonlinear device for the implementation of NAND gate, where nonlinearity consists of a threshold located at some input level, is presented. When the pump beams I and '2are closed using the shutter, the out put corresponds to the intensity of the probe beam itself. The strength of the pump beam is so chosen that, when one of the inputs is passing through the sample, which is below the threshold, output is constant. The pump beams I and '2 together is above the threshold, thermal lens effect produces divergence of the probe beam which in turn reduces the power at the beam centre ( table 1) . Figure 4 is only a modification of figure 3 for studying XOR gate The probe beam was split into two beams, input 1 and input 2 . One half of probe beam reaches the photodiode 2 directly. The other half probes the thermal lens generated in the medium. A tiny photodiode positioned carefully at the centre of the spot produces a photocurrent, which is proportional to the thermal lens signal. When the shutter is open, the intensity of the pump beam is such that it produces thermal lens in the medium and hence the probe beam blooms or increases in size. As the spot blooms the photocurrent diminishes. Thus a differential input to the amplifier produces a voltage corresponds to a high output.
When the shutter is closed, no thermal blooming occurs, the light intensity from both the photodiodes is the same and so the output from the differential amplifier is zero (table 2). The gate is "on and "off' depends upon the formation of the thermal lens.
Absorbed power must not be so large to introduce photodegradation or aberrations. It is a wellestablished fact that the PMMA matrix does not undergo any change in its chemical or any other physical properties at very low laser powers as we used.
CONCLUSIONS
Thermal lens method for realizing basic logic gates operated with optical beams of moderate intensity has been demonstrated. The method is based on the divergence of the lens formed by the non-radiative decay within the sample due to the pump beam. In contrast to other optical logic gates this method is sensitive as well as it do not require any nonlinear optical materials. We have used thin samples made of Rhodamine 6G doped PMMA, which are more light sensitive than inorganic materials. Optical integrated circuits and optical interconnections have low loss transmission, immune to electromagnetic interference and free from electrical short circuits. 
